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Abstract
Models for contaminant transport in streams commonly idealize transient storage as a well mixed but immobile system. These 
transient storage models capture rapid (near-stream) hyporheic storage and transport, but do not account for large-scale, stage-
dependent interaction with the alluvial aquifer. The objective of this research was to document transient storage of phosphorus 
(P) in coarse gravel alluvium potentially influenced by large-scale, stage-dependent preferential flow pathways (PFPs). Long-term 
monitoring was performed at floodplain sites adjacent to the Barren Fork Creek and Honey Creek in northeastern Oklahoma. 
Based on results from subsurface electrical resistivity mapping which was correlated to hydraulic conductivity data, observation 
wells were installed both in higher hydraulic conductivity and lower hydraulic conductivity subsoils. Water levels in the wells 
were monitored over time, and water samples were obtained from the observation wells and the stream to document P concentra-
tions at multiple times during high flow events. Contour plots indicating direction of flow were developed using water table el-
evation data. Contour plots of total P concentrations showed the alluvial aquifer acting as a transient storage zone, with P-laden 
stream water heterogeneously entering the aquifer during the passage of a storm pulse, and subsequently re-entering the stream 
during baseflow conditions. Some groundwater in the alluvial floodplains had total P concentrations that mirrored the streams’ 
total P concentrations. A detailed analysis of P forms indicated that particulate P (i.e. P attached to particulates greater than 0·45 
µm) was a significant portion of the P transport. This research suggests the need for more controlled studies on stage-dependent 
transient storage in alluvial systems. 
Keywords: alluvial floodplains, phosphorus, preferential flow, subsurface transport, transient storage
Introduction
Increased nutrient loads have resulted in several adverse 
impacts on surface water quality, including excessive al-
gal growth, fish kills, and taste and odor issues across the 
United States and especially in the Illinois River basin 
in northeastern Oklahoma (Andrews et al., 2009). Nitro-
gen is a concern, but phosphorus (P) is generally consid-
ered the limiting nutrient in most surface water systems 
(Daniel et al., 1998). Scientists and engineers need to iden-
tify critical nutrient source areas and transport mecha-
nisms within a catchment in order to protect and enhance 
drinking water systems, recreation activities, and aquatic 
ecosystems. Subsurface contaminant transport may be 
important in highly conductive soils (Lacas et al., 2005), 
even for a highly sorbing contaminant such as P (Turner 
and Haygarth, 2000; Fuchs et al., 2009).
Although numerous studies have documented sub-
surface P transport from agricultural fields with tile 
drainage (Sims et al., 1998; Turner and Haygarth, 2000; 
Djodjic et al., 2004; Kleinman et al., 2004; Nelson et al., 
2005; Hively et al., 2006), limited subsurface P trans-
port studies have been conducted in other hydrologic 
settings and the transport mechanisms are generally 
less understood compared to transport by surface run-
off (Gachter et al., 1998; Stamm et al., 1998; Heathwaite 
and Dils, 2000). From research on four grassland soils, 
Turner and Haygarth (2000) documented that subsur-
face P transport, primarily in the dissolved form, can oc-
cur at concentrations that could cause eutrophication. 
When assessing long-term risk of P loss from waste-
amended soils, Nelson et al. (2005) indicated that P 
leaching and subsurface transport should be considered. 
In addition, other researchers have emphasized the im-
portance of colloidal transport for P movement (Broberg 
and Persson, 1988), as P adsorbs to small particles capa-
ble of being transported through soil pore spaces in the 
subsurface (Haygarth et al., 1997; Addiscott et al., 2000; 
de Jonge et al., 2004; Fuchs et al., 2009).
There have been a few studies conducted in which 
observation wells were used to monitor the movement 
of nutrients in alluvial floodplains (Vanek, 1993; Coo-
per et al., 1995; Carlyle and Hill, 2001; Fuchs et al., 2009; 
Thompson and McFarland, 2010). Studies have shown 
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high P availability for groundwater transport due to 
saturation of the riparian zone (Cooper et al., 1995) and 
near-streambank sediment (Thompson et al., 2010). 
Monitoring 12 wells in a lake riparian zone, Vanek 
(1993) noted groundwater P concentrations ranging 
from 0.4 to 11 mg/l with an average of 2.6 mg/l. Car-
lyle and Hill (2001) monitored the behavior of P in the 
subsurface in a river riparian zone and suggested that 
riparian areas can become saturated with P. They doc-
umented higher soluble reactive P (SRP) concentrations 
(0.10 to 0.95 mg/l) in areas having soils with higher hy-
draulic conductivities buried under topsoils. Exchange 
of water and P between the stream and gravel subsoils 
is distributed across the entire river channel but en-
hanced in preferential pathways (Malard et al., 2002). 
There is a need for additional studies devoted to under-
standing both groundwater flow patterns and P trans-
port through the subsurface of alluvial floodplains.
One approach for simulating contaminant trans-
port during the interaction between streams and allu-
vial aquifers is through a transient storage zone model, 
with the transient storage zone commonly idealized as 
a well mixed but immobile system (Bencala and Wal-
ters, 1983). Harvey et al. (1996) suggested that this ide-
alization captures rapid hyporheic storage and trans-
port (i.e. near-streambed exchange) but cannot capture 
exchange with the more extensive alluvium. Changes 
in discharge and stream stage are suggested to influ-
ence near-streambed transient storage (D’Angelo et al., 
1993; Morrice et al., 1997; Hart et al., 1999; Worman et al., 
2002; Zarnetske et al., 2007; Stofleth et al., 2008). How-
ever, as noted by Zarnestke et al. (2007), ‘… the overall 
understanding of how they (perturbations in discharge, 
elevation of channel stage, and water table) correlate to 
in-channel and hyporheic storage dynamics is still un-
clear …’, especially for larger-scale interactions with the 
alluvium. The presence of large-scale transient storage 
at high-stream stages may have a direct impact on the 
transport of in-stream contaminant loads as the stream 
water interacts with the alluvial groundwater in flood-
plains throughout the watershed.
It is well known that paleochannels, or linear depos-
its of coarse-grained sediments, exist across floodplains 
and link modern channel flows to distal floodplain ar-
eas (Stanford and Ward, 1992; Poole et al., 1997; Amo-
ros and Bornette, 2002; Naiman et al., 2005). Hydrologic 
pathways become complex with deposits of coarse al-
luvium (Naiman et al., 2005). Poole et al. (2002) char-
acterized a coarse alluvial aquifer on the Middle Fork 
Flathead River in Montana, with a localized hydraulic 
conductivity on the order of 10 000 m/d. Preferential 
flow paths (PFPs) were identified with 20% of the riv-
er’s flow entering the aquifer in one area and reemerg-
ing downstream. Also, paleochannels in the vadose 
may become active once the stream stage has reached 
a specific elevation to transmit flow. Preferential flow 
through paleochannels would result in complex, larger-
scale flow patterns that would be considered beyond the 
scale and definition of hyporheic zone flow. However, 
limited data has been reported on P transport through 
these floodplain-scale PFPs.
Large-scale preferential flow and transient storage 
become more significant in streams adjacent to highly 
conductive alluvial aquifers. For example, the Ozark 
ecoregion of Missouri, Arkansas, and Oklahoma is ap-
proximately 62,000 km2 and is characterized by gravel 
bed streams that have migrated substantially over time 
yielding many paleochannels throughout the ecore-
gion. The erosion of carbonate bedrock (primarily lime-
stone) by slightly acidic water has left a large residuum 
of chert gravel in Ozark soils, with floodplains gener-
ally consisting of coarse chert gravel overlain by a man-
tle (1–300 cm) of gravelly loam or silt loam. The same 
processes have resulted in karst topography, including 
caves, springs, sink holes, and losing streams (Neill et 
al., 2003; Davis et al., 2005).
The objective of this research was to document large-
scale, stage-dependent transient storage of P in coarse 
alluvial aquifers potentially influenced by PFPs. An ex-
tensive body of literature exists for near-stream tran-
sient storage but only limited data has been published 
on larger-scale transient storage. In this research, tran-
sient storage includes storage in both perpetually and 
variably saturated substrates, the latter of which is of-
ten referred to as bank storage. While the long-term 
monitoring was performed in the Ozark ecoregion, 
similar hydrogeologic conditions exist in gravel bed 
streams and their associated shallow alluvial aquifers 
worldwide.
Methods and Materials
Alluvial floodplain sites
The alluvial floodplain sites were located in the Ozark 
ecoregion of northeastern Oklahoma. The Barren Fork 
Creek site (Figure 1(a), latitude: 35.90°, longitude: 
−94.85°) was immediately downstream of the Eldon 
Bridge U.S. Geological Survey (USGS) gage station 07 
197 000. With a watershed size of 845 km2, the Barren 
Fork Creek site was a fourth-order stream with a his-
torical median discharge of 3.6 m3 s−1. The study area 
at the Barren Fork Creek was located on the outside 
of a meander bend which was being actively eroded 
by the stream. The Honey Creek site (Figure 1(b), lati-
tude: 36.54°, longitude: − 94.70°) was also located im-
mediately downstream of a USGS gage station (07 189 
542). As a third-order stream, the Honey Creek site had 
a 0.54 m3 s−1 historical median discharge and a 150 km2 
watershed. The riparian area on Honey Creek was lo-
cated on the inside of a meander bend, an area likely to 
be aggradational.
The Barren Fork Creek site was a hay field with a 
Mehlich III soil test P (STP) of 33 mg/kg in the top 15 
cm and had not received fertilizer for several years. The 
Honey Creek study site was composed of both forest and 
grassland. Adjacent to a tree farm, the area had received 
fertilizer in the past resulting in a current STP of 60 mg/
kg in the top 15 cm. The soils of both floodplain sites 
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were classified as Razort gravelly loam underlain with al-
luvial gravel deposits. Thickness of the loam ranged from 
0.5 to 1.0 m at the Barren Fork Creek site, and from 0.1 
to 0.5 m at the Honey Creek site. Soil hydraulic studies 
on these soil types have shown that subtle morphological 
features can lead to considerable differences in soil water 
flow rates (Sauer and Logsdon, 2002). Fuchs et al. (2009) 
described some of the soil and hydraulic characteristics of 
the Barren Fork Creek floodplain site, including estimates 
of hydraulic conductivity for the gravel subsoil between 
140 and 230 m d−1 based on falling head trench tests. 
They reported a P sorption maximum of 125 mg kg−1 and 
a binding energy of 0·048 l mg−1 for a Langmuir isotherm 
performed on the fine material (i.e. < 2.0 mm) in the allu-
vial aquifer. The degree of P saturation (i.e. P/[Al + Fe]) 
was found to be 4–8% based on ammonium oxalate ex-
tractions. Heeren et al. (2010) performed a tracer injection 
into a PFP, identified as a buried gravel bar, at the Bar-
ren Fork site. Local transient storage was observed as ev-
idenced by the elongated tails of breakthrough curves in 
some observation wells due to physical heterogeneity in 
the aquifer materials.
Electrical resistivity mapping and observation well 
installation
Geophysics has been widely used for subsurface map-
ping (Pellerin, 2002; Robinson et al., 2008). Resistivity 
mapping involves measuring the electrical properties of 
near-surface earth materials, which vary with grain size, 
mineral type, solute content of pore water, and pore-
space saturation. Apparent electrical resistivity is cal-
culated at several locations in a two-dimensional pro-
file by carefully measuring the voltage generated by a 
known electrical current using four electrodes in contact 
with the soil. Miller et al. (2010) collected electrical re-
sistivity data using a SuperSting R8/IP Earth Resistivity 
Meter (Advanced GeoSciences Inc., Austin, TX) with a 
56-electrode array. The profiles at the Barren Fork Creek 
site employed electrode spacings of 0.5–2.5 m with asso-
ciated depths of investigation ranging from 7.5 to 25.0 
m, respectively. The Honey Creek site utilized a 1-m 
spacing, with an associated depth of investigation of ap-
proximately 10 m. The area of interest in each study site, 
which was less than 5 m below the ground surface, was 
well within the ERI depth of investigation. The resistiv-
ity sampling and subsequent inversion utilized a pro-
prietary routine devised by Halihan et al. (2005), which 
produced higher-resolution images than conventional 
techniques. Electrical resistivity results showed sub-
surface heterogeneity at both floodplain sites (Figure 
2). One of the high-resistivity areas at the Barren Fork 
Creek site matched a PFP observed in previous research 
(Fuchs et al., 2009; Heeren et al., 2010).
Using a borehole permeameter specifically designed 
for coarse gravel subsoils (Miller et al., 2011) to measure 
saturated hydraulic conductivity in situ, Miller et al. 
(2010) established a positive correlation between electri-
cal resistivity and hydraulic conductivity for the Barren 
Fork Creek and Honey Creek floodplain sites. Based on 
that correlation and the previous electrical resistivity re-
sults (Heeren et al., 2010; Miller et al., 2010), observation 
wells were located in both higher electrical resistivity 
(possible PFP) and lower electrical resistivity subsoils 
(Figures 1 and 2). In this research, a PFP was defined as 
a zone of high hydraulic conductivity in the subsoil that 
has potential for rapid transport of water and solutes.
A Geoprobe Systems drilling machine (6200 TMP, 
Kejr, Inc., Salina, KS) was used to install observa-
tion wells in the alluvial floodplains with a 2.0–3.0 m 
screened section at the base. Depth to refusal for in-
stalled wells ranged from 4.0 m to greater than 5.0 m at 
the Barren Fork Creek site, and from 2.5 to 3.5 m at the 
Honey Creek site. Bentonite clay was placed at the top 
of the well casing to prevent surface runoff from enter-
ing the borehole. Well locations were surveyed using a 
TOPCON HiperLite Plus global positioning system con-
figured with a base station and rover unit (4 cm accu-
racy). These data were corrected for positional errors 
using the National Geodetic Survey Online Position-
ing User Service (OPUS). Since the water table elevation 
data were more sensitive to measurement error than 
Figure 1. Observation well locations overlain on aerial images 
(NAIP, 2008) for the Barren Fork Creek site (a) located near Tahle-
quah, Oklahoma, and the Honey Creek site (b) located near Grove, 
Oklahoma. Most wells were located based on electrical resistivity 
data, with high resistivity subsoils considered to have potential for 
preferential flow.
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horizontal position, a laser level was used to determine 
the elevation at the top of each well (1 cm accuracy).
Long-term monitoring for groundwater flow patterns
At each site, 24 observation wells were instrumented 
with automated water level loggers (HoboWare, Onset 
Computer Corp., Cape Cod, MA, water level accuracy 
of 0.5 cm) to monitor water pressure and temperature at 
5-min intervals from April 2009 to April 2010. One log-
ger was placed above the water table at each site to ac-
count for changes in atmospheric pressure. Reference 
water table elevations, obtained with a water level indi-
cator, were then calculated. The logger data were pro-
cessed with HoboWare Pro software, which accounted 
for changes in atmospheric pressure as well as changes 
in water density due to temperature and produced wa-
ter table elevation data (1 cm accuracy).
Water table elevation data were analyzed with Mat-
lab (The Mathworks, Natick, MA). Using 30-min in-
tervals, a cubic interpolation was performed to deter-
mine the head for grid points in the two-dimensional 
well field. Contour maps were plotted with equipoten-
tial lines using a 2-cm interval. While streamlines were 
not necessarily perpendicular to contour lines due to an-
isotropy and unsteady flow during high-flow events, 
the contour plots did indicate general flow patterns in 
the groundwater system. Patterns in groundwater con-
tours were investigated at both baseflow conditions and 
during storm events. Data from the local USGS gage sta-
tions were also used in the analysis.
Phosphorus sampling and testing
Water samples from observation wells were collected 
during multiple high-flow events using a peristaltic 
pump. Samples were obtained at 7 different times (Sep-
tember 2009 and March 2010) from the stream, and 19–23 
observation wells at the Barren Fork Creek site, and at 6 
different sampling times (October 2009 and March 2010) 
from the stream, and 21 observation wells at the Honey 
Creek site (Table I, Figure 3). The number of observation 
wells at the Barren Fork Creek site decreased over time 
due to rapid streambank erosion (Midgley et al., 2011). 
High-flow events were of particular interest because 
stream P concentrations generally increase with stream-
flow in these watersheds (Andrews et al., 2009). While 
samples were collected from the top of the water table 
(i.e. upper 10 cm) in order to avoid sediment in the bot-
tom of the wells, water in the well was assumed mixed 
during pumping. Water samples were stored on ice and 
transported back to the laboratory for analysis. After di-
gestions with the sulfuric acid-nitric acid method (Pote et 
al., 2009), total P concentrations were determined colori-
metrically (Murphy and Riley, 1962) with a spectropho-
tometer (Spectronic 21D, Milton Roy, Ivyland, PA).
Contour plots of total P concentration were generated 
with Matlab (The Mathworks, Natick, MA). A cubic in-
terpolation was performed to determine the P concen-
tration for grid points in the two-dimensional well field 
with a contour interval of 10 µg/l P. Kriging, which at-
tempts to express trends suggested in the underlying 
data (Cressie, 1991), was also considered as a geostatis-
tical technique for interpolating the P data. Developed 
using Surfer 8 (Golden Software, Inc., Golden, CO), var-
iograms were used to quantitatively assess the spatial 
continuity in the data, but consistent trends were not 
observed in the data due to the complex nature of the 
alluvial deposits. Also, any spatial relationships in the 
variograms may have been obscured by the asymmetri-
cal distribution along with the limited number of obser-
Figure 2. Barren Fork Creek (a) and Honey Creek (b) vertical (5 m) 
electrical resistivity profiles which have been positively correlated (r2 
= 0·73) to saturated hydraulic conductivity (Miller et al., 2010). Blue 
is low resistivity (less than 375 Ω-m); green is medium; and orange is 
high (greater than 700 Ω-m). The shaded areas demarcate well fields, 
with blue lines indicating observation well locations. The black arrows 
show true north; aerial images are from NAIP, 2008.
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vation wells. Therefore, the cubic interpolation was se-
lected as the best visual presentation of the data.
Samples collected in 2010 were further analyzed to 
determine P forms. Filtration with a 0.45 µm filter (Mil-
lipore mixed cellulose ester membranes, Fisher Scien-
tific, Waltham, Mass.) was used to remove particulates 
greater than 0.45 µm. Filtered samples were tested with 
the spectrophotometer for dissolved reactive P and an 
Inductively Coupled Plasma—Optical Emission Spec-
trometer (ICP-OES, Arcos, SPECTRO Analytical Instru-
ments, Kleve, Germany)—for total dissolved P. The 
minimum detection limit was 0.01 mg/l P for both the 
spectrophotometer and the ICP-OES.
Results and Discussion
Groundwater flow patterns
Patterns in the water table elevation contour plots at the 
Barren Fork Creek and Honey Creek field sites during 
the 12-month observation period remained relatively 
consistent during baseflow conditions, but changed 
during high-flow events. Plots for times at which P sam-
ples were collected, as well as two additional times to 
illustrate rising limb stream conditions, illustrate the 
range of groundwater flow patterns in the dataset (Fig-
ures 4–8). The highest gradients in the alluvial aquifers 
occurred during the rising limbs of the hydrographs 
(Figures 4(a) and 7(a)), when the stream stage was ris-
ing most quickly. The average groundwater gradient af-
ter the peak (Figures 5(a) and 6(c) for the Barren Fork 
Creek site; Figures 7(b) and 8(b) for the Honey Creek 
site) shifted quickly back to the average gradient during 
baseflow conditions (Figures 5(c) and 7(c)).
Flow directions in the groundwater changed consid-
erably between base and peak flows, suggesting that 
the floodplains acted as transient storage zones, rapidly 
storing and releasing water during passage of a storm 
pulse. At the Barren Fork Creek field site, the average 
direction in the floodplain was approximately south-
west (200–220°) during baseflow conditions (Figure 
5(c)) (i.e. away from the stream in the direction of flow), 
but changed to a southeastern direction (300–320°) (i.e. 
away from the stream opposite of the stream flow direc-
tion) during large flow events (Figure 4(a)–(c)). At the 
Honey Creek floodplain site, the average groundwater 
direction was southwest (210–220°) (i.e. across the me-
ander bend and directed back towards the stream) dur-
ing baseflow conditions (Figure 7(c)). During storm 
events, the average direction changed to northwest (i.e. 
130–150° or away from the meander bend) (Figure 7(a)). 
The change in the direction at both field sites appeared 
to be a function of the rate of change in the stream stage, 
with higher rates of change correlating to greater vari-
ations in the average groundwater direction compared 
to the direction under baseflow conditions. The changes 
in average groundwater direction indicated the occur-
rence of transient storage within the floodplain: ground-
water flow direction changed as water moved rapidly 
into the floodplain during the rising limb of the stream-
flow hydrograph and then returned to its original aver-
age direction as water drained during the recession of 
the hydrograph.
Besides stream–aquifer interactions, the impact of 
aquifer heterogeneity could also be seen in the water ta-
ble contour plots. The primary source of heterogeneity 
was expected to be saturated hydraulic conductivity, a 
parameter which spans several orders of magnitude, but 
it is acknowledged that spatial variability in porosity and 
aquifer depth also contributes to non-uniform flow pat-
terns. While streamlines were not necessarily perpendic-
ular to contour lines due to anisotropy and unsteady flow 
during high-flow events, the contour plots did indicate 
general flow patterns in the groundwater system.
Table I. Hydrologic data and total phosphorus concentrations (mg/l as P) for each sampling time. Groundwater concentrations are character-
ized by the median and interquartile range (IQR). Percent particulate phosphorus (P) is the mean of the groundwater samples
Site Date Time Runoff  Stream  Hydrograph  Peak flow Recurrence       Total P Concentration Particulate  
   source stage (m) position   (m3s−1) interval (yr)   (mg/L)        P (%)
                   Groundwater Stream  
                 Median IQR    
Barren 9/10/09 10:00 Rainfall 212.0 Rising limb 86 1.1 0.02 0.03 0.02  —a
 Fork 9/10/09 13:00 Rainfall 212.1 Rising limb 86 1.1 0.01 0.01 0.03  —
 Creek 9/10/09 22:00 Rainfall 212.9 Peak  86 1.1 0.01 0.02 0.07  —
  9/11/09 10:00 Rainfall 212.4 Falling limb 86 1.1 0.02 0.03 0.08  —
  9/12/09 14:00 Rainfall 212.1 Falling limb 86 1.1 0.02 0.02 0.04  —
  3/22/10 12:00 Snowmelt 212.1 ~Rising limb 48 1.05 0.03 0.01 0.03  30
  3/23/10 15:00 Snowmelt 212.5 Falling limb 48 1.05 0.04 0.02 0.20  36
  3/26/10 12:00 Rainfall 212.6 Falling limb 85 1.1 0.02 0.03 0.21  53
Honey 10/09/09 16:00 Rainfall 236.5 Falling limb 81 6 0.05 0.03 0.16  —
 Creek 10/15/09 12:00 Rainfall 235.5 Baseflow  81 6 0.05 0.03 0.07  — 
  3/22/10 18:00 Snowmelt 235.6 Rising limb 6.1 1.1 0.05 0.02 0.11  35
  3/23/10 9:00 Snowmelt 235.7 Peak  6.1 1.1 0.05 0.02 0.10  34 
  3/26/10 18:00 Rainfall 235.7 Falling limb 24  1.7 0.05 0.04 0.11  55
a. Not measured for 2009 samples.
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Flow patterns showed groundwater areas, poten-
tially PFPs, acting as flow convergence (i.e. draining 
a large groundwater area) or divergence (i.e. allowing 
stream water to quickly enter the groundwater system) 
zones. For example, a zone of focused recharge can be 
seen along the Barren Fork Creek (Figure 4(a)) provid-
ing an inlet for stream water to enter the groundwa-
ter system. This divergence zone was at point (80 m, 60 
m) (Figure 4(a) compared to Figure 2(a)), which is the 
location of the PFP investigated in previous research 
(Fuchs et al., 2009; Heeren et al., 2010) and was evident 
in the electrical resistivity datasets. While the buried 
gravel bar also extends to the northeast (see high re-
sistivity wells in Figure 1(a)), the divergence zone in 
the flow data during rising stream stage conditions oc-
curs where the PFP intersects the stream (Figure 4(a)). 
Intuitively, the highest water table elevation should 
be at the top-center of the contour plot (150 m/110 
m), at the upgradient end of the stream; however, the 
highest water table elevation was in the possible PFP, 
where stream water could most readily enter the allu-
vial aquifer. This possible PFP was not visible in the 
contour patterns at later dates (Figures 4(b), (c) and 
5(a) (c)) since much of the area was removed due to 
streambank erosion between May and September, 2009 
(Midgley et al., 2011). Another divergence zone was ob-
served at the Honey Creek site (220 m, 120 m) (Figure 
8(a) (c)). The correlation with electrical resistivity (Fig-
ure 2(b)) was less obvious in this case.
At other times, the contour patterns indicated flow 
convergence zones draining a large area of groundwa-
ter. For example, at the Honey Creek site, there was a 
zone between points (160 m, 125 m) and (210 m, 120 m) 
(Figure 7(a)), which drained a large area of groundwater 
to the west-northwest. The location was consistent with 
the location of previously hypothesized PFPs based on 
electrical resistivity data (Miller et al., 2010), including 
the high contrast in electrical (and hydraulic) properties 
between the two wells near-point (170 m, 125 m) (Fig-
ure 7(a) compared to Figure 2(b)). The activity of this 
convergence zone depended on stream stage. That is, 
it was hypothesized that one or more PFPs were posi-
tioned in the vadose zone and began to rapidly trans-
port water when the water table reached their elevation. 
This convergence zone became hydraulically activated 
sometime before the water table reached an elevation of 
236.5 m (Figure 7(a)). It must also have been activated 
in Figure 7(b) (with a water table elevation of 237 m) 
but its impact on groundwater flow patterns may have 
been masked due to flow being generally perpendicu-
lar to the high-conductivity zone during the falling limb 
of the hydrograph. Thus, the potential impact of one or 
more PFPs on flow was hypothesized to be a function of 
both stream stage and stream–aquifer interactions. The 
stage-dependent convergence zone at Honey Creek was 
more active in 2009 due to the 6-year recurrence inter-
val event, compared to the less than 2-year recurrence 
interval events in 2010 (Figure 3). While the impact of 
Figure 3. Hydrographs for the Barren Fork Creek (a) and Honey Creek (b) field sites based on upstream gage stations. Circles designate dates 
of water table contour plots and phosphorus sampling from the observation wells and streams. Note, that samples were not collected for the 
first point on the Honey Creek hydrograph, but the water table data was included to illustrate groundwater flow during rising limb conditions.
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specific PFPs was difficult to quantify with this dataset, 
such results emphasize the stage-dependent nature of 
focused recharge/discharge in these systems and more 
work should be devoted to understanding the occur-
rence and activation of alluvial flow pathways.
Phosphorus concentrations
Water samples from observation wells were collected 
during multiple high-flow events (Figure 3) with peak 
flows from one to two orders of magnitude greater than 
median flow rates (Table I) and were subsequently an-
alysed for total P concentrations (Figures 4–8). Dur-
ing baseflow conditions, groundwater P concentrations 
were typically 0.01–0.04 mg/l and 0.02–0.06 mg/l at the 
Barren Fork Creek and Honey Creek field sites, respec-
tively. Groundwater P concentrations rose during high-
flow events and were generally highest where stream 
water was entering the groundwater system and de-
creased with distance downgradient from the stream 
(Figures 5(d) (e), 6(e) (f), 7(d), and 8(d)–(f)). The decrease 
in P concentrations farther into the aquifer is likely due 
to sorption of the P onto the fine material in the gravel, 
as well as dilution with the groundwater. Even though 
total P concentrations decreased as stream water moved 
through the aquifer, transient storage was occurring in 
the alluvial aquifer as seen in the significant levels of P 
leaving the study area (and presumably re-entering the 
stream). Total P concentrations of groundwater leaving 
the well field often exceeded 0.037 mg/l, which is the 
standard set for Oklahoma Scenic Rivers (OWRB, 2010), 
which include the Barren Fork Creek (a tributary to the 
Illinois River).
During high-flow events, the maximum P concentra-
tions measured in the groundwater were approximately 
a factor of 5 over background levels, reaching 0.20 mg/l 
Figure 4. Water table contour plot (a) for the Barren Fork Creek site during the rising limb of May 6, 2009 high-flow event before signifi-
cant streambank erosion occurred (Midgley et al., 2011). Water table ((b) (c)) and total phosphorus ((d) (e)) concentration (µg/l as P) contour 
plots for the first ((b) (d)) and second ((c) (e)) sampling times during the rising limb of September 10, 2009 high-flow event. Interpolations are 
based on measured data from wells (circles) and the stream (stars). See Table I and Figure 3 for more information on hydrologic conditions at 
the time of sampling.
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at the Barren Fork Creek site and 0.25 mg/l at the Honey 
Creek field site. Although total P concentrations gener-
ally decreased as alluvial groundwater traveled further 
from the stream, in some of the groundwater domain 
rapid transport of P occurred with concentrations at or 
near the P concentration in the streams during larger 
storm events. For example, one or more possible PFPs 
located at (220 m, 120 m) on the Honey Creek site facili-
tated transport of P into the floodplain (Figure 8(d)–(f)). 
At the Barren Fork Creek site, well 28 (at point (180 m, 
0 m) in Figure 5(d)(e)) was 100 m from the stream and 
had P concentrations similar to the stream P concen-
trations. Well 28 was located adjacent to an abandoned 
stream channel that runs along a bluff; it was hypoth-
esized that a buried lateral gravel bar served as a flow 
and transport pathway (Heeren et al., 2010). All zones 
of high electrical resistivity and, therefore, high hydrau-
lic conductivity (possible PFPs) did not always show 
rapid P transport as these pathways must be hydrauli-
cally activated and connected to a source of P for prefer-
ential transport to occur. With limited spatial and tem-
poral data throughout the saturated aquifer material, it 
was difficult to quantify the impact of specific PFPs on 
P transport. However, this research demonstrates that 
preferential transport does occur and that it should be 
further investigated using three-dimensional P sam-
pling in the alluvial material (Vadas et al., 2007).
Possible sources of P in the groundwater included 
stream-aquifer interaction, P leaching from the topsoil 
due to rainfall infiltration, P-laden run-on (from up-
Figure 5. Water table ((a) (c)) and total phosphorus ((d) (f)) concentration (µg/l as P) contour plots for the Barren Fork Creek site during 
the peak ((a) (d)) and the first ((b) (e)) and second (c) (f) sampling times of the recession limb of September 10, 2009 high-flow event. Inter-
polations are based on measured data from wells (circles) and the stream (stars). See Table I and Figure 3 for more information on hydrologic 
conditions at the time of sampling.
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land runoff) infiltration, and existing P in upgradient 
groundwater. The water table elevation data (Figures 
4–8) suggest that the source of P was primarily P-laden 
stream water entering the alluvial aquifer. Background 
concentrations in the aquifer during baseflow condi-
tions (less than 0.06 mg/l, Figures 4(d) and 7(e)) were 
low compared to the high total P concentrations ob-
served during high-flow events. Owing to the low-in-
tensity agricultural practices at each site, the topsoil 
was not expected to be a significant source of P to the 
groundwater. While the equilibrium P concentrations 
(based on STP data) for the top 15 cm of soil was likely 
higher than measured groundwater P concentrations, 
subsequent layers of loam were expected to have am-
ple sorption sites available to remove P before leachate 
entered the aquifer. The timing of increases in ground-
water P concentrations, which matched times of rising 
streamflow instead of times of rainfall, also indicated 
that any increases in P from leaching was insignificant.
To determine whether P concentrations in the obser-
vation wells varied with depth at the Barren Fork Creek 
site, low-flow sampling using a peristaltic pump was 
used on March 23, 2010, to collect samples at both the 
top of the water table (i.e. upper 10 cm) and from 2·0 m 
below the water table. In most wells, P concentrations 
were similar at both depths. However, in well 28 (at 
point (180 m, 0 m) in Figure 6(e)), the 2-m sample had 
a P concentration of 0.19 mg/l (compared to 0.04 mg/l 
at the top of the water table), which approached the 
level of P in the stream. These concentrations suggested 
that this PFP was at a particular elevation, near the bot-
tom of the alluvium. The high concentrations in well 28 
Figure 6. Water table ((a) (c)) and total phosphorus ((d) (f)) concentration (µg/l as P) contour plots for the Barren Fork Creek site during 
the rising limb ((a) (d)) and the recession limb ((b) (e)) of March 23, 2010 high-flow event, and the recession limb ((c) (f)) of March 25, 2010 
high-flow event. Interpolations are based on measured data from wells (circles) and the stream (stars). See Table I and Figure 3 for more infor-
mation on hydrologic conditions at the time of sampling. The loss of observation wells (c) is due to rapid streambank erosion rates (Midgley et 
al., 2011).
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may have been due to P-laden run-on infiltration (up-
land runoff has been observed cascading over the bluff 
in that area). However, the increasing P concentration 
with depth indicates lateral preferential transport from 
the stream instead of downward transport from the soil 
surface. Future work needs to address the three-dimen-
sional nature of subsurface P transport.
Suspended colloids and sediment often possess partic-
ulate P; therefore, high total P concentrations tended to 
correspond with samples that were visibly cloudy. Dif-
ferences between total dissolved P and dissolved reactive 
P were negligible, indicating that organic P, if present, 
was only a minimal portion of the dissolved P. Particu-
late P (defined in this research as P attached to particu-
lates greater than 0.45 µm) was calculated as the differ-
ence between total P (unfiltered) and dissolved reactive P 
(filtered). Using dissolved reactive P instead of total dis-
solved P (measured with the ICP) was justified due to 
negligible amount of dissolved organic P. Percent partic-
ulate P was calculated as the ratio of the particulate P to 
total P, and ranged in the groundwater from 0 to 100%, 
with means from 30 to 55% (Table I). Owing to the shal-
low depth of water in a few of the wells (wells further 
from the creek) at the Honey Creek site, the cloudiness in 
some samples may have been due to agitated sediment 
from the bottom of the well. However, even the deep 
wells (wells closer to the creek) at Honey Creek occasion-
ally yielded cloudy samples from the top of the water ta-
ble (e.g. well W at point (160 m, 60 m) in Figure 8(d) (f)) 
indicating colloidal transport of P in the groundwater.
Groundwater total P concentrations were also sum-
marized by the median and interquartile range (Table I). 
A general linear model was performed on total P data 
for wells that were placed in subsoils with electrical re-
sistivity data available (Figure 1). Differences between 
high resistivity and low resistivity wells were statisti-
Figure 7. Water table ((a) (c)) and total phosphorus ((d) (e)) concentration (µg/l as P) contour plots for the Honey Creek site during the ris-
ing limb (a), recession limb ((b) (d)) and baseflow ((c) (e)) of October 9, 2009 high-flow event. Interpolations are based on measured data from 
wells (circles) and the stream (stars). See Table I and Figure 3 for more information on hydrologic conditions at the time of sampling.
3240 h e e r e n ,  e t  a l .  i n  H y d r o l o g i c a l  P r o c e s s e s  25 (2011) 
cally significant (α = 0.05) at the Barren Fork Creek site 
(Table II). While not all PFPs transmitted high levels of 
P, enough of them were hydraulically activated (water 
table above the elevation of the PFP) and connected to a 
source of P to result in a significant correlation between 
high resistivity and P transport. In this case, the source 
of P was P-rich stream water infiltrating the groundwa-
ter system. A source of error in the correlation could be 
imperfect identification of high hydraulic conductiv-
ity zones with the electrical resistivity data. The general 
linear model was also used to compare differences be-
tween wells close to the stream and wells far from the 
stream. The distance from the stream was a statistically 
significant variable (α = 0.05) in two of the four datasets. 
This was consistent with the observation of P generally 
moving into the aquifer but with the movement of the 
plume being retarded due to sorption and dilution.
Research implications
As discussed by Packman and Bencala (2000), the sur-
face and subsurface hydrological interactions in these 
alluvial floodplains can be viewed from two different 
perspectives. The first is viewing the interaction from 
the stream. From this viewpoint, the interaction is com-
monly idealized using a transient storage model that 
simulates hyporheic storage in an aggregate fashion as 
a well mixed but immobile system (Bencala and Wal-
ters, 1983). The groundwater flow and transport results 
in this research demonstrate exchange with the more 
Figure 8. Water table ((a) (c)) and total phosphorus ((d) (f)) concentration (µg/l as P) contour plots for the Honey Creek site during the ris-
ing limb ((a) (d)) and peak ((b) (e)) of March 23, 2010 high-flow event, and the recession limb ((c) (f)) of March 25, 2010 high-flow event. Inter-
polations are based on measured data from wells (circles) and the stream (stars). See Table I and Figure 3 for more information on hydrologic 
conditions at the time of sampling.
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extensive alluvium that would not be accounted for in 
near-streambed models. The presence of large-scale 
transient storage at high stream stage may have a direct 
impact on the transport of in-stream contaminant loads 
as the stream water interacts with the alluvial ground-
water in floodplains throughout the watershed. Future 
work should be devoted to creating models capable of 
handling both the near-streambed and larger-scale tran-
sient storage to quantify implications of this larger-scale 
exchange on solute and contaminant transport in stream 
systems during both baseflow and high-flow conditions.
The second perspective is viewing the surface-sub-
surface interaction from the subsurface, which con-
siders hyporheic exchange as the mixing of stream-de-
rived and aquifer-derived water. This perspective relies 
heavily on the use of numerical groundwater flow mod-
els to describe reach-scale groundwater flow pathways 
(Packman and Bencala, 2000; Poole et al., 2006). Parti-
cle tracking models may be used to determine the extent 
of penetration of stream-derived water into the aquifer 
(Wroblicky et al., 1998). The stream is commonly ide-
alized as a boundary that derives subsurface flow. The 
most sensitive parameter in groundwater flow models 
and the subject of most calibration effort is the aquifer 
hydraulic conductivity. The flow and transport results 
from the two floodplain studies reported in this research 
indicate the necessity of considering horizontal zones 
of aquifer heterogeneity and anisotropy within alluvial 
floodplains to adequately simulate larger-scale transient 
storage over a range of water table elevations. Hetero-
geneity has been modeled by assuming a distribution of 
hydraulic conductivity and that the distribution is ran-
domly distributed in space (Gotovac et al., 2009). How-
ever, the non-random nature of the heterogeneity has 
been confirmed by variograms performed on hydrau-
lic conductivity data in previous research at these allu-
vial sites (Miller et al., 2010). Higher electrical resistiv-
ity areas were hypothesized to be buried gravel bars, 
resulting in long, continuous zones of high conductiv-
ity (Heeren et al., 2010). Also, groundwater heads mea-
sured for flow calibration should be measured during 
both baseflow and high stream-stage events when the 
zones activate. It is important to appropriately identify 
potential PFPs prior to installation of observation wells 
for monitoring groundwater levels.
Owing to their close proximity and connectedness 
to streams, agricultural areas of gravelly floodplains 
may need to be managed differently than those of up-
land areas. While surface runoff is considered to be the 
primary transport mechanism for P, subsurface trans-
port through coarse subsoil to gravel bed streams would 
be a source of P not alleviated by current conservation 
practices (e.g. riparian buffers) aimed at surface run-
off P loads. Though a highly sorbing contaminant, this 
research shows P being rapidly transported through 
coarse gravel subsoils. In these well managed sites, P 
leaching from the topsoil was not a significant source of 
P to the groundwater; therefore improvements in land 
management would likely have a minimal effect on sub-
surface P transport. However, intense agricultural man-
agement makes up a significant portion of the land-use 
in the Ozark ecoregion due to the presence of a poultry 
industry, and P leaching may be a significant source of P 
to the groundwater at these sites due to high STP levels 
throughout the soil profile. Also, the depth of the loam 
soil layer, which provides an opportunity for leachate to 
be filtered before reaching the gravel, ranges from 1 to 
300 cm in the Oklahoma Ozark floodplains, and gener-
ally increases with increasing stream order. At one site 
in Pumpkin Hollow north of Tahlequah, OK, the loam is 
less than 2 cm, and would provide only minimal P atten-
uation before runoff enters the alluvial aquifer. Ongo-
ing research aims to quantify P leaching through loam 
soils of various depths. If P is found to leach through 
loam soil and to rapidly travel through gravel aquifers 
to streams, then new best management practices should 
be developed to halt or prevent the buildup of high STP 
levels in gravelly floodplains.
Conclusions
This research demonstrated significant interaction of 
both water and P between the stream and the aquifer. 
The coarse gravel aquifer acted as a transient storage 
zone, allowing large volumes of P-laden stream water to 
quickly enter the groundwater system during high-flow 
events and to subsequently exfiltrate to the stream dur-
ing baseflow conditions. Future work should be devoted 
to creating models capable of handling both the near-
streambed and larger-scale transient storage to quantify 
implications of this larger-scale exchange on solute and 
contaminant transport in stream systems during both 
baseflow and high-flow conditions.
Particulate P was a significant portion of total P in 
these coarse gravel aquifers. Stage-dependent preferen-
tial flow pathways appeared to transport water and P 
rapidly from the stream through the groundwater sys-
tem, with some groundwater having total P concentra-
tions that mimicked stream concentrations. However, the 
impact of specific preferential flow pathways on P trans-
port was not explicit due to the low spatial and time reso-
lution of P samples throughout the saturated aquifer ma-
terial. Future work should include a well controlled tracer 
study examining the impacts of preferential pathways on 
flow and transport. Additionally, more work needs to be 
done to characterize subsurface P transport when leach-
ing from the topsoil is a significant source.
Table II. Comparison of total phosphorus concentrations between 
wells close to and far from the stream and between high and low-
resistivity observation wells. Probability (p) is from a general linear 
model with p < 0·05 being significant.
Site Year               Probability
    Distance from  Electrical  
      stream resistivity
Barren Fork Creek 2010 0.03 < 0.01
Barren Fork Creek 2009 0.19 < 0.01
Honey Creek 2010 < 0.01 0.12
Honey Creek 2009 0.38 0.29
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